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RESEARCH MEMORANDUM

EFFECT OF INLET-AIR PARAMETERS ON COMBUSTION LIMIT
AND FLAME LENGTH IN 8-INCH-DIAMETER
RAM-JET COMBUSTION CHAMBER

By A. J. Cervenka and R. C. Miller

SUMMARY

An investigation was conducted with an 8-inch-diameter ram-Jet
cambustion chamber in order to determine the effect of fuel-alr
ratioc and the Inlet-air parameters of pressure, temperature, and
veloclty on combustion limit, combustion efficlency, and flame
length.

The lean fuel-alr ratio 1limit of combuation could be extended
by increasing inlet-air temperature or pressure or by medification
of the fuel-injector design. For a given combustion-chamber length,
ocmbustion efficlency lncreased with increasing Iinlet-air tempera-
ture or decreasing Inlet-alr velocity. Flame length increased with
increasing fuel-alr ratlo, ilnlet-alr pressure, inlet-alr velocilty,
and decreasing inlet-alr temperature.

INTRODUCTION

An Investigation was conducted at the NACA Cleveland laboratory
in order to determine the effect of cperating variables on ram-jet
combustor performance.

For the investigation reported herein, an 8-inch-dlameter com-
bustion chamber wae isolated from the other ram-Jet engline components
in order to allow wide variation and accurate control of the experi-
mental parameters. Preliminary Investigations were conducted with
varioues fuel injectors and flame holders In an effort to smelect a
combustion chamber with a wide operating range. Of the various
cambustion chambers studied, the flame-holder and fuel-inJjector con-
figuration described in reference 1 gave stable operation over the
widest range of inlet-alr condltions and was used throughout the
investigatlion.

The effect of fuel-alr ratioc and inlet-gir parameters of pres-
sure, temperature, and veloclty on combustion limit, combustion

LTl .
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efficlency, and flame length are presented herein. The effect of
each varlable was separately determined over a large range by hold-
ing three of the variables constant and varying the fourth.

AFPPARATUS
Combustion Chamber

A diagrem of the experimental setup showing the 8-inch ram-Jjet
combustion chamber and auxiliary ducting is presented in figure 1.
The ducting was comnected to the laboratory combustion~air supply
and altitude exhaust systems. The combustion chamber and exhaust
ducting were water-cooled In order to prevent overheating and to
permit measurement of heat losses. The temperature of the exhaust
gases was reduced by a movable water spray. The combustion chamber
conslsted of a constant-area circular duct with a fuel injector
located upstream of a flame holder. The location of the fuel
injector, ignitor, flame holder, and movable water spray is indicated
in figure 1. Three quartz observation windows were installed to
permit observation of the flames at the flame holder and in the

tall pipe.

The detalle of the simple orifice~type fuel lnjector, lgnitor,
flame holder, and movable water spray are shown in figure 2. The
simple orifice fuel injector consisted of a circular manifold from
which six tubes redially projected into the duct a distance of
1l inch. Fuel was metered through a 5/64-inch-d.ia.mater orifice in
the end of each tube. Experiments were also conducted with five of
the six InJection tubes blocked and with six hcllow-cone spray noz-
zles (40 gal/hr, 70° spray angle) replacing the six tubes. The
fuel used throughout the investigation was AN-F-22.

The ignitor, which was in iteelf a amall combustion chamber
was deslgned to eliminate atarting hazards. A high-tension elec-
trode and a 1/8-inch-diameter fuel line were shielded from the air
stream by a small cons. The spark gap was between the electrode
and the tip of the fuel line. TUnder the proper conditions, ignition
waa almost instantaneous and satisfactory at all times.

The flame holder consisted of seven cones commected by V-shaped
gutters and was constructed of 1/32-inch Inconel. The restriction
that this flame holder afforded was approximately 37 percent of the
crosa-sectional aree. The flame holder and fuel inJjector were
identical with those of reference 1.
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A main supply tube from which eilght small tubes radially pro-
Jocted served as the movable water spray. Water was ejected normal
to the exhaust-gas stream through numerous holes in the redisl tubes.

Instrumentation

Instrumentation was located at stations 1, 2, and 3. (See fig. 1.)

A tabulation of the number and type of instruments at each station
follows:

Station Thermocouples Potal- Static-
pressure pressure
tubes taps

1 2 12 4
2 0 6 0o
3 9 o 0

The construction and installation details of the cambustion-chamber
instrumentation were in general the seme as those of reference 1,
with the exception of total-pressurs tubes at station 2, which

were water-Jjacketed for protectlon from excessive temperatures.

The total-pressure tubes at statlon 2 were removed for experiments, .
which required the positlioning of the movable water spray. Thermo-
couples end: total-pressure probes were located at approximate centers
of equal areas. The thermocouples were made of iron-constantan
wire, with the exception of chramel-alumel wire used at station 3,
and were connected to self -balancing potentiometers. Fuel flow

was measured with a calibrated rotameter and cambustion-air flow

was measured with a 1l2-inch variable-area orifice. Pressure measure-
ments were taken by photographing banks of menometers. Water flow
through the cooling colls and the movable water spray was measured
with a calibrated rotameter and calibrated orifices.

METHOD OF FROCEDURE

The entire range of inlet variables could not be completely
covered because of the size and complexity of such a program.
Several reference operating conditlons were therefore chosen.

These conditions were cbtalned by calculating stagnation tempera-
ture and pressure corrected for an assumed 90-percent diffuser
efficlency at two flight velocities (500 mph and sonic) for altitudes
ranging from sea level to 30,000 feet., These calculated tempera-
tures and pressures are presented in figure 3 with a curve drawn
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through the mean of the calculated points. Three points lying in
the range of Interest in ram-jet study were chosen from thls curve
and correspond to the following temperatures and presaures:

Test point Temperature Pressure
(°r) (in. Hg abs.)
1 72 25
2 120 40
3 160 55

A preliminary Investigation of the effect of inlet-air veloclty
on combustion limit at the three test points indicated that an inlet-
air veloclity of approximately 90 feet per second was near the upper
limit for stable burning at the first teat point; this value was
therefore chosen as a reference velcocolty for the three test points,

Ignition was almost instantaneous at the following conditions:
(2) inlet-alr velocity, 50 feet per ssecond

(b) inlet-air pressure, 30 inches mercury absolute

(c) ignitor fuel flow, 100 pounds per hoﬁr

After ignition was obtalned, fuel flow to the ignitor was
reduced to 10 pounds per hour and was kept conatant at this value
throughout the experiments. A preliminary investigation showed
that with the ignitor energized and with a low fuel flow through
the ignitor the combustion limits could be extended beyond the
limits that were obtained when the ignitor was not emergized.

The effects of fuel-alr ratioc and the inlet~air parameters
of preasure, temperature, and velocity on combustion limits, com-
bustion efficiency, and flame length were studled by holding three
of the varilables oonstant and changing the fourth. Limited experi-
ments were conducted in order to check the effect of fuel tempera-
ture and fuel-inJjector configuration on combustion-chamber perform-
ance.

The combustion limits were determined in the following manner,
Inlet-alr pressure, temperature, and velocity were set at the
desired valuses. Fuel-air ratio was set at a value at which com-
bustion was atable., TFuel flow was then elther decreased or increased

937
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mntill combustion ceaged. The rich limit of cambustion was not
obtained when fuel-air ratio was lncreased to values greater than
0.14 without reaching & combustion limit.

The procedure follcwed in order to determine the effect of
nominal combustion-chamber length, which is defined as the dilstance
from the movable water spray to the flame holder, and inlet-alr
parameters on combustion efficiency 1s ag follows: With the nominal
ccambustion-chamber length set at 96 inches and the inlet-air con-
ditions set at the deslred values, data were recorded. The nominal
ccobustion-chamber length was then decreased by moving the water
spray toward the flame holder until a drop of approximately S0° F
in the mixture temperature at station 3 was noted. Data were again
recorded and the process was repeated untll a combustlion-chamber
length of 22 inches was reached. This length was the minimum
ccmbustlion-chamber length that could be investigated because of
space limitations for the movable spray.

Inlet-air velccity and dynemic pressure were ocalculated from
megsured alr flow, Inlet-alr static pressure, and inlet-alir tem-
perature. Combustion-chamber total-pressure drop from station 1
to station 2 was obtained from photographs of the manometers, which
recorded the respective pressures.

Becauge ccmbustion temperatures in a ram Jet reach values in
excess of 3000° F, no simple method for directly measwurlng these
tenperatures could be fournd. Combustion efficlency and cambustion
temperatures were therefore calculated by a heat-balance method.
Sufficlent water was injected through the movable apray intoc the
exhaust stream to lower the mixture temperature to approximately
1200° F. At this temperature, combustion was assumed to have
stopped and yet the temperature was sufficiently high for evaporation
of the water t¢ be complete at station 3. The enthalpy of the
exhaust gases at the mixture temperature at station 3 was obtained
using data from references 2 to 4. The enthalpy of the steam was
obtained from reference 5. These values were added in order to
obtain the total enthalpy in the mixture of exhaust gas and steam
et station 3; the Inlet enthalples were subtracted and the measured
heat losses to the combustion-chamber and exhaust-duct ccoling
water were added. This total enthalpy divided by the ldeal enthalpy
rise of the gases for complete combustion of the fuel (or for com-
plete combustion of the air at richer-than-stolchiometric fuel-air
ratios) was called combustion efficilency.
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RESULTS ARD DISCUSSION
Combustion Limitse

Meximum combustion~chamber inlet-air velcocity is plotted in fig-
ure 4(a) as a function of fuel-air ratic for various inlet-air tem-
peratures at a constant inlet-alr pressure. A similar plot showing
the effect of varying inlet-alr pressure at a constant inlet-air

_temperature is shown in figure 4(b). The results presented in these
figures indlcate that the maximum combustion inlet-air velocliy can
be inocreased with an increase in either inlet-alr temperature or
pressure, The lean fuel-air-ratio limit of combustion or maximum
inlet-air velocity at stable combustlion was extended by increasing
inlet-air temperature and pressure. An additional dashed curve is
shown in figures 4(a) ard 4(b) that 1llustrates the fuel-distribution
effect on the lean combustlion 1limit. These dashed curves show per=-
formance with five of the gix fuel sprays blocked and show that com-
bustion could be sustalned at a considerably leaner over-all fuel-
alr ratio with thies fuel-inJector configuration.

Fuel-Alr Retio for Maximum Ccmbustion Efficiency

An investigation was conducted on the effect of fuel-air ratio
on ccmbustion efficlency; the results are presented in figure § in
which combustion efficlency and combustion temperature rise are
plotted against fuel-alr ratic. Maximum combustion efficiency
occcwrred in the fusl-air-ratio range from 0.040 to 0.050. Combustion-
chamber temperature rise was found to 1inorease with increasing fuel-
alr ratio until stoichiometric fuel-air ratio (0.067) was nearly
reached and beyond this polnt a steady decrease with increasing
fuel-alr ratioc was observed.

Effect of Inlet-Alr Parameters and Fuel Temperature on
Combustion Efficiency and Flame Length

Inlet-alr pressure. - The variation of combustion efficiency
with inlet-air pressure and nominal combustion-chamber length 1a
pregsented in figure 6, At an inlet-air pressure of 25 inches of
mercury absolute, a decrease in nominel combustion-chamber length
from 96 to 33 inches resulted in no appreciable decrease in com-
bustion efficiency, whereas at hligher inlet-air pressures a com-
parable decrease in nominal combustion-chamber length decreased
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combustion efficiency as much as 20 percent. This decrease in com-
bustion efficiency iIndicated that flame length increases with inlet-
alr pressure. Inasmuch as the trend of decreasing combustion efficiency
with increasing inlet-alr pressure for a constant combustlion-chamber
length is not consistent with previcus results obtained in turbojet
combustion-chember lnvestigations at the NACA Cleveland laboratory,
comparison date using the six hollow-cone spray fuel-injection nozzles
were obtelned. The dashed curves shown in figure 6 present data
obtained with six hollow-cone spray nozzles (40 ga.l/hr, 70° spray
angle) installed in place of the six redial Jets. Much shorter flame
lengths for comparable operating conditions were obtained with thila
method of fuel inJjection.

A reversal in the tremd of decreasing combustion efficlency with
Increasing inlet-alr pressure was noted at inlet-alr pressures of 55
and 65 inches of mercury absolute (fig. 6) experiments were conducted
to check this trend by determining the variation of combustion
efficiency with inlet-air pressure at two combusticon-chamber lengths
with the two methods of fuel injection. These date are presented in
figure 7. The sams reversal in trend previocusly observed persaslsted
at both combustion-chamber lengtha with the simple orifice fuel
injector. This reversal in trend 1is not fully explained. The trend
of the effect of pressure on combustion efficiency and flame length
1g different for the hollow-cone spray ncrzles than for the simple
orifice nozzles, which indicates that possibly other pressure effects
asaoclated with the injection process such as the effect of pressure
on vaporization and mixing may be obscuring the effect of preassure
on the combustlon rate.

Fuel temperature. - The effect of combustion-chamber length on
combustion efficiency at various inlet-air pressures with unheated
(75© F) and heated (approximately 160° F) fuel was determined. The
temperature of 160° F was slightly above the initial boiling point
of the fuel at the pressure exlstent in the combustion chamber.

The results indicate that for the condlitions investigated, fuel
temperature had no effect on combustion efficlency or flame length.
Scme effect of fuel temperature would possibly be noted if =& fuel
injector were used that would permit heating of the fuel to a higher
temperature.

Inlet-air temperatw.e. - The effect of nominal combustion-
chamber length on combustion efficlency is given in figure 8 for
inlet~air pressures of 30 and 40 inches of mercury absolute, an inlet-air
veloclty of 92.4 feet per second, and a fuel-ailr ratio of 0.045.
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Cambustion was unstable at temperatiures lower than 40° F and blow-

out occurred when an inlet-air temperature of 0° F was reached. For

a given nominal combustion-chember length, combustion efficiency
inoreases with increase in inlet-air temperature, and the decrease

in combustion efficlency for a given decrease 1ln combustion-chamber
length 18 progressively lesa as inlet-air temperature is increased.
Flame length therefore decreases as inlet-alr temperature is increased.

Inlet-air velocity. - Data that show the effect of combustion-
chamber length on combustion efficiency for inlet-alr velocltles
ranging from 50 to 135 feet per second are presented 1in figure 9,
Combustion ceased at velocitles above 135 feet per second; whereas
at veloclitles below 50 feet per second, combustion occurred between
the flame holder and the fuel iInJector. At an inlet-alr veloclty
of 50 feet per second, combustlon-chamber length could be decreased
from 96 inches to 22 inches with no decrease iIn combustion efflcilency.
At higher inlet-alr velocitles, however, the same decrease 1n
combustlon-chamber length decreased combustion efficiency as much
as 33 percent showing that as Inlet-alr velocity 1ls increased flame
length increases and cambustion efficlency decreases for a fixed
cambustion-chamber length.

Fuel-air ratio. - The effect of combustion-chamber length on
combustion efficiency for various fuel-air ratios and inlet-air
preasures 1s shown in figure 10. The range of fuel-ailr ratio
investigated was from 0.040 to 0.070. Combustion ceased when fuel-
air ratlio wad decreased much below 0.040; a maximum experimental
fuel-air ratioc of 0.070 was arbitrarily chosen when previocus dsata
indicated a decrease in cocmbustion-chamber outlet temperature beyond
this point. Data were obtained at a constant inlet-air temperature
and velocity for pressures of 30, 40,and 55 inches of mercury absolute.
At a fuel-alr ratio of 0.040 and an inlet-alr pressure of 40 inches
of mercury, ccmbustion-chamber length was decreased from 96 inches
to 22 inches with a decrease 1ln combustion efficlency of about 8 per-
cent (fig. 10(b)). At a fuel-air ratio of 0.050, the pame decrease
in combustion-chamber length decreased combustion efficilency about
28 percent indlcating that as the fuel-alr ratioc is Increased,
flame length increases. The curves slso show a trend of decreas-
ing combustlion efficiency with Increasing fuel-alr ratio except in
the range from 0.040 to 0.045 where under socme condlitions a reversal
in this trend is indicated. Thils trend reversal 1s attributed to the
longer flame length associated with the higher fuel-air ratlo; the
same decrease in combustion-chamber length therefore decreased com-
bustion efficiency more rapldly at the higher fuel-alr ratiocs.

Data obtained at inlet-air pressures of 30 and 55 inches of mercury
absolute show trends similar to that found at 40 inches mercury
(figs. 10(a) amd 10(c)).
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The effect of injet-to-outlet alr density ratio on combustion-
chamber total-pressure loss is presented in figure 11l. The retic of
combustion-chamber total-pressure drop tc inlet-air dynamic pressure
ranged from 1.5 to 3.4 depending on the combustion-chamber Inlet-tc-
ocutlet density ratic. The scatter in the pressure-drop data wes
caused by instaebility of combustion at scme of the experimental con-
ditions at which data were recorded. '

SUMMARY OF RESULTS

From an investigation conducted with sn 8-Inch-diameter ram-jet
combustion chamber 1n order tc determlne the effect of fuel-alr ratio
- and the inlet-ailr parameters of pressure, temperature, and veloclty
on combustion limit, combustlion efficiency, and flame length, the
following results were obtalned:

l. Combustion could be sustalined at increased inlet-alir velocity
with increase in combustion-chember inlet-alr temperature or pressure.

2. The lean fuel-air-ratioc l1imit of combustion or meximum inlet-alr
.veloclty at stable combustion was extended by increasing inlet-air
temperature and pressure.

3. Combustion could be sustained at leaner cover-all fuel-sir
ratios with less mixing of fuel and alr.

4, Combustion efficlency reached a maximm for the conditions
investligated in the fuel-alr-ratio range of 0.040 to 0.050.

5. Combustion efficiency increased with increasing inlet-alr
temperature and decreasing inlet-air velocity for a constant combustion-
chamber length.

6. Fleme length was shortened with increased fuel atomization,
increased inlet-alr temperature, decreased inlet-air pressure,
decreased fuel-alr ratio, and decreased lnlet-air velocilty.

7. As the combustion-chamber length was shortened, combustion
efficlency decreased more rapidly at higher iInlet-alir pressures,
velocity, fuel-alr ratio, or decreese ln inlet-air temperature.
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8. The ratlio of combuation-chamber total-pressure loss to Inlet-
air dynamic pressure ranged from 1.5 to 3.4 depending on the combustion-
chamber 1inlet-to-outlet density ratio.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ckio.
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92,4 feet per second; Inlet-alr temperature, 120% F; fuel-air ratio, 0.048.
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Figure B8, - Effect of combustion-chamber length on combustion effioiency for various inlet-

alr temperatures. Inlet-alr velocity, 92.4 feet per second; fuel-alr ratio, 0.045.
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Flgure 8, - Concluded. Effect of combustion~chamber length on combustion efficlency for
varleus lnlefi-air temperaturss. Inlet-air veloclty, 92.4 feet per second; fuel-air 3

ratlo, 0.046.
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Figure 9, = Effest of combustion-chamber length on efflclency for variocus inlet-alr
velocities, Inlet-alr pressure, 40 inches mercury absoiute; lnlet-alr temperature,
120% F; fuel-alr ratlo, 0,045,
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Filgure 10, — Effect of conbustlon-chamber lengih on combustion efficiency for varlous fuel-
air ratios, Inlet-alr veloelty, 82.4 feet per second; inlet-air temperature, 120° F,
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Figurs 10. - Continued., Effeoit of combustion-chamber length on combustion efflclency for

var%ous fuel-air ratlos, Inlet-air velocliy, 92.4 feet per second; lnlet-sair temperature,
120% F.
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Figure 10. - Joncluded, Effect of combustion-chamber length on combustlon efficlency for
various fuel-air ratios, Inlet-alr veloclty, 92.4 feet per second; inlet-alr temperaturs,
1200 P,
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Plgure 1l. - Correlation of cambuation-chamber total-pressure lomss with inlet~to-outlet

alr density ratio.
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